Parasporal inclusion proteins from a total of 151 Bacillus thuringiensis strains, consisting of 139 Japanese isolates and the type strains of 12 H serovars, were screened for haemagglutination (HA) activity against sheep erythrocytes. Of 58 B. thuringiensis strains with HA activity, nine strains exhibited high activity and the remaining 49 strains were moderately active. The strains with high HA activity were derived from phylloplanes and soils of five geographically different localities, and belonged to H serovars kurstaki and other undefined serotype(s). The HA activities in the four selected strains were generated only when alkali-solubilised parasporal inclusion proteins were proteolytically processed. Furthermore, the lectin activity of the four strains was strongly inhibited by preincubation with N-acetylgalactosamine. The lectin-producing B. thuringiensis strains were heterogeneous in other biological activities of parasporal inclusions: insecticidal activity and cytocidal action on human leukaemia T cells. ß
Introduction
The Gram-positive bacterium Bacillus thuringiensis produces parasporal, proteinaceous, crystalline inclusions during sporulation [1] . The inclusions often exhibit strong insecticidal activity against several orders of insects. Thus, the formation of insecticidal parasporal inclusions has long been the key character for discriminating between this organism and related bacteria. Earlier studies, however, have strongly suggested that in natural environments B. thuringiensis strains producing non-insecticidal parasporal inclusions are more widely distributed than insecticidal ones [2^7] . Recently, in an attempt to screen inclusion proteins for biological activities other than insect toxicity, we have found that human cancer cell-killing activities are associated with parasporal inclusions of certain non-insecticidal B. thuringiensis strains [8] . However, our observations have also provided an unexpected additional result that some B. thuringiensis inclusion proteins have unique activities agglutinating sheep erythrocytes.
Here, we show evidence that certain B. thuringiensis inclusion proteins are lectins whose activities are inhibited in the presence of carbohydrates.
Materials and methods

Bacterial strains and culture conditions
Japanese isolates of B. thuringiensis used in this study were from the collections of the Institute of Biological Control, Kyushu University, and Fukuoka Industrial Technology Centre, as described previously [8] . The reference type strains of B. thuringiensis were obtained from Institut Pasteur, Paris. To prepare sporulated cultures, the strains were grown on nutrient agar, pH 7.6, at 28³C for 4 days. Nutrient agar consisted of meat extract (10 g), polypeptone (10 g), NaCl (2 g), agar (20 g ) and distilled water (1000 ml).
Inclusion protein preparation
Sporulated cultures were washed three times with distilled water before solubilisation and used as crude parasporal inclusions. Parasporal inclusions were puri¢ed by the method previously described [9] . The crude or puri¢ed inclusions were suspended in 50 mM Na 2 CO 3 (pH 10)+10 mM DTT+1 mM EDTA for 60 min at 37³C. The mixture was then centrifuged at 20000Ug for 5 min at 4³C. The supernatant was treated with proteinase K as previously described [8] . After incubation, the pH of the £uid was adjusted to 7.4 and ¢ltered through a 0.45-Wm membrane ¢lter. The ¢ltrate £uid was added with phenylmethylsulfonyl £uoride (Wako Pure Chemicals, Tokyo) to stop the proteolytic reaction. Protein concentration of the supernatant was determined by the method of Lowry et al. [10] , using bovine serum albumin as the standard. Proteolysis pro¢les of the proteins were examined by SDS-PAGE according to the method of Laemmli [11] .
Haemagglutination (HA) assay
Sheep erythrocytes were purchased from Nippon Bio-Test Laboratory (Tokyo, Japan). The cells were washed three times with TBS (20 mM Tris-bu¡ered saline; pH 8.0) by centrifugation at 800Ug for 10 min at room temperature. The washed erythrocytes were resuspended in TBS to a ¢nal concentration of 2%(v/v).
Primary screening of the crude inclusions for HA activity was done by one-dose assay technique with proteinase K-treated proteins. The assay was carried out at 25³C with a 96-well microtitre plate and TBS as the diluent as described by Meng et al. [12] . A protein solution (25 Wl, 1.2 mg ml 31 ) was mixed in a well with an equal volume of 2% sheep erythrocyte suspension. The HA activity was determined after incubation for 2 h at 25³C. The degree of haemagglutination was graded as: high, an even carpet of erythrocytes covering the bottom of the wells; moderate, an even carpet with a ring at the edge; and low/non-active, a small ring or a complete button.
For assay of the HA activities in puri¢ed inclusions, proteinase K-treated proteins were prepared in twofold serial dilutions in TBS. Protein dilutions and sheep erythrocyte suspensions were mixed in microtitre wells as described above. The HA-positive dilution end point was determined after 2 h incubation at 25³C.
Haemagglutination inhibition (HAI) test
Seven monosaccharides (D-galactose, L-fucose, Dglucose, D-mannose, N-acetyl-D-galactosamine, Nacetyl-D-glucosamine and N-acetylneuraminic acid) were examined for their inhibitory e¡ect on HA activity of the inclusion proteins. Reagents were prepared in twofold serial dilutions in TBS. A twofold inhibitor dilution in TBS (25 Wl) was mixed with 25 Wl of a protein solution (660 Wg ml 31 ) and incubated at 25³C for 30 min. Finally, 25 Wl of erythrocyte suspension was added to the mixture. The degree of agglutination was determined after 2 h incubation at 25³C. The HAI activity was expressed as the lowest concentration of the sugar that completely inhibited the agglutination.
Insecticidal activity test
To test the insecticidal activity, three species from two orders were used: Lepidoptera (Plutella xylostella) and Diptera (Aedes aegypti, Culex pipiens molestus, Anopheles stephensi). One-dose assays with spore/inclusion mixtures were done by the method previously described [13] . Testing the toxicity of protease-digested inclusion proteins was not involved in the present study.
Results
Screening of inclusion proteins with HA activity
We examined a total of 151 B. thuringiensis strains for HA activity of alkaline-DTT-solubilised and proteinase K-treated inclusion proteins against sheep erythrocytes (Table 1 ). Of the strains tested, 
Haemagglutination assay
For characterisation of the HA activity, four strains were selected from the nine strains with strong activities ( Table 2 ). As shown in Table 3 , HA activities were not associated with intact parasporal inclusions of these strains. The HA activities were generated only when alkali-solubilised proteins were digested with proteinase K. In contrast, no signi¢cant HA activities occurred in alkali-solubilised inclusion proteins. When activated proteins were denatured by heating at 100³C for 10 min, HA activities were completely destroyed in all strains.
SDS-PAGE of proteinase K-digested proteins
When analysed by SDS-PAGE, the puri¢ed inclusions of FITC-20 contained a single major protein of 90 kDa. In contrast, at least ¢ve major proteins were evident in puri¢ed inclusions of FITC-73, FITC-76 and IBC-1456. Protease treatment generated major bands of 58 kDa in FITC-73 and FITC-76, while the major protein of strain FITC-20 was degraded rapidly into smaller molecules of 6 29 kDa. Strain IBC-1456 had major band of 63 kDa upon proteolysis. Table 4 shows the results of HAI tests with seven monosaccharides. At carbohydrate concentrations up to 400 mM, L-fucose, D-glucose and D-mannose did not inhibit the HA activities of alkali-solubilised and proteolytically activated inclusion proteins of the four strains. In contrast, HA activities were markedly reduced by addition of N-acetylgalactosamine, N-acetylglucosamine, and N-acetylneuraminic acid. D-Galactose also inhibited the HA activities at a moderate level. Among carbohydrates tested, Nacetylgalactosamine was the most e¡ective inhibitor; the minimal inhibitory concentration of N-acetylga- lactosamine was as small as 2.5 mM against activated proteins from all of the strains tested.
HAI tests with several carbohydrates
Insect toxicity
In one-dose assays, the spore/inclusion mixtures of strains FITC-73 and 76 caused mortality to larvae of the lepidopteran, P. xylostella (Table 5 ) but not to dipteran insects. No insecticidal activity was associated with strains FITC-20 and IBC-1456.
Discussion
The present study clearly shows that parasporal inclusion proteins of B. thuringiensis strains obtained here have novel lectin activities. This is supported by the facts that (1) the proteins are not haemolytic [8] but agglutinate sheep erythrocytes, and (2) the haemagglutination is strongly inhibited by carbohydrates such as D-galactose, N-acetylgalactosamine and N-acetylglucosamine. Among these sugars, Nacetylgalactosamine was the most e¤cient inhibitor.
Interestingly, an anionic carbohydrate, N-acetylneuraminic acid, also inhibited HA activities of the four strains. Drobniewski et al. [14] reported that a nonspeci¢c inhibition of the cytotoxicity of a N-endotoxin by D-galacturonic acid and D-glucuronic acid is due to the presence of negative charges on these anionic carbohydrates. It is likely, therefore, that the inhibition of the lectin activities by N-acetylneuraminic acid is due to the non-speci¢c binding through a strong negative charge of the sugar.
It is also clear from our data that proteolytic processing is essential for activation of the B. thuringiensis lectins, as in the cases with insecticidal N-endotoxins of this organism [15] . In the present study, only proteinase K was used for proteolysis of inclusion proteins. More research is needed to examine other proteases, including trypsin and chymotrypsin, for activation of lectins and to determine the proteolytic conditions for optimal processing.
The inclusion proteins from B. thuringiensis often exhibit strong insecticidal activity [16] . However, recent studies have demonstrated that some of the non-insecticidal/non-haemolytic inclusion proteins have unique cytocidal activities against human cancer cells [8] . Our ¢ndings, coupled with earlier observations [8] , show the occurrence of three groups, in terms of the three biological activities of inclusion proteins, among the four strains ( Table 5 ). The ¢rst group has lectin activity only. The second group has insecticidal and HA activities but no cytocidal activity against human cancer cells. The third group is characterised by exhibiting leukaemia T cell-killing and lectin activities but no insecticidal toxicity. It is at present uncertain whether a single protein molecule retains two activities in the second or the third group. Carbohydrate-speci¢c lectin molecules are able to react with glycoproteins or glycolipids and the binding is inhibited by speci¢c monosaccharides. Earlier, Knowles et al. [17, 18] reported that lectin-like binding of B. thuringiensis N-endotoxin is an initial step in its insecticidal action, and N-acetylgalactosamine is a part of the receptor for the toxin. It is now widely accepted that the cell receptor for Cry1Ac, a B. thuringiensis N-endotoxin speci¢c to lepidopteran insects, is aminopeptidase N, a glycoprotein that resides on susceptible cells [15] . Very recently, Burton et al. [19] reported that a site on the domain III lectin-like fold of the Cry1Ac protein recognises N-acetylgalactosamine on aminopeptidase N. Probably, the binding mechanism of B. thuringiensis lectins is analogous to that of the Cry proteins in the initial step of the insecticidal action. Our ¢nding strongly suggests that the receptors on the sheep erythrocyte for B. thuringiensis lectins are the glycoconjugate terminating in a N-acetylgalactosamine residue. This is the ¢rst report of the occurrence of lectin activity in B. thuringiensis parasporal inclusion proteins. Currently, over 100 lectins with a wide variety of speci¢city are commercially available. Interestingly, however, these existing lectins are mostly from the seeds of plants [20] . Thus, B. thuringiensis constitutes a novel source of lectins. This may lead to the use of the organism for purposes other than microbial control of insect pests.
